[1] The final slip of about 450 m at about 30 m/s of the 1963 Vaiont landslide (Italy) was preceded by >3 year long creeping phase which was localized in centimeter-thick clay-rich layers (60-70% smectites, 20-30% calcite and quartz). Here we investigate the frictional properties of the clay-rich layers under similar deformation conditions as during the landslide: 1-5 MPa normal stress, 2 × 10 −7 to 1.31 m/s slip rate and displacements up to 34 m. Experiments were performed at room humidity and wet conditions with biaxial, torsion and rotary shear apparatus. The clay-rich gouge was velocity-independent to velocity-weakening in both room humidity and wet conditions. In room humidity experiments, the coefficient of friction decreased from 0.47 at v < 5.0 × 10 −5 m/s to 0.12 at 1.31 m/s. Microstructural and mineralogical analyses of the gouge after experiments indicate that the dramatic weakening results from thermo-chemical pressurization of pore fluids (smectite decomposition to illite-type clays) and powder lubrication. In wet experiments, the coefficient of friction decreased from 0.17 at v < 1.0 × 10 −4 m/s to 0.0 at v > 0.70 m/s: full lubrication results from the formation of a continuous water film in the gouge. The Vaiont landslide occurred under wet to saturated conditions. The unstable behavior of the landslide is explained by the velocity-weakening behavior of the Vaiont clay-rich gouges. The formation of a continuous film of liquid water in the slipping zone reduced the coefficient of friction to almost zero, even without invoking the activation of thermal pressurization. This explains the extraordinary high velocity achieved by the slide during the final collapse.
Introduction
[2] On 9 October 1963 a catastrophic landslide occurred in the Vaiont Valley (Italian Southern Alps) when the northern flank of the Mount Toc slid into an artificial reservoir and generated a giant wave which destroyed the village of Longarone killing almost 2000 people. Due to the economic relevance of the site, the area was subject to three years of intense investigation and monitoring before the collapse, including the installation of benchmarks and piezometers on the slide [Selli and Trevisan, 1964; Belloni and Stefani, 1992] . It follows that the 1963 Vaiont slide represents a unique case study to unravel the processes which control the mechanics of large landslides.
[3] Most is known about the Vaiont slide: the normal stress on the sliding surface (1 to 3.5 MPa, though the pore pressure remains unknown since the four piezometers installed in the creeping mass yielded conflicting measurements), the maximum displacement (450 m), the volume of mobilized material (around 270 × 10 6 m 3 ) and, most importantly, the evolution of the mass velocity with time from the measured 3-year long creeping stage to the final collapse [Mueller, 1964; Selli and Trevisan, 1964] . The final velocity was not directly measured (the benchmarks and the monitoring system were swept away by the giant wave) but estimated to be up to 20-30 m/s [Anderson, 1985] . There is now general agreement that slip localized within watersaturated centimeter-thick clay-rich gouge layers (mostly made by swelling smectites) interbedded within the decimeter-thick micritic limestones Patton, 1985, 1987; Genevois and Ghirotti, 2005; Veveakis et al., 2007] . The frictional properties of the Vaiont clay-rich gouges and their dependence with water content and slip rate were investigated by Hendron and Patton [1985] and Tika and Hutchinson [1999] . However, their analysis was limited in displacement (∼0.24 m [Hendron and Patton, 1985] ; ∼3 m [Tika and Hutchinson, 1999] ) and velocity (up to 16.67 mm/s [Hendron and Patton, 1985] ; up to 0.08 m/s [Tika and Hutchinson, 1999] ). Several authors [Habib, 1967; Voight and Faust, 1982; Veveakis et al., 2007] proposed that the final acceleration and large slip rates achieved by the slide resulted from lubrication of the basal detachment due to thermal pressurization. According to this interpretation, the compaction and the temperature increase induced by shearing and frictional heating during sliding of the clayrich layers resulted in expulsion and vaporization of the pore fluids (i.e., water). The increase in pore pressure lowered the shear strength and the dynamic friction. However, the activation of thermal pressurization was never observed in experiments or deduced from the analysis of the Vaiont samples. Another key point is the transition from the creeping stage to the final collapse which was numerically modeled [e.g., Veveakis et al., 2007] but never reproduced in the laboratory.
[4] The aim of this work is to investigate the frictional properties of the clay-rich gouges at the estimated normal stress and displacements of the Vaiont slide: (1) over a wide range of slip rates (from 0.2 mm/s to 1.31 m/s), including the transition from creeping to final collapse [Veveakis et al., 2007] and, (2) at different water contents (under room humidity and wet conditions). The transition toward conditions of excess water probably triggered the initial movement of the slide [Hendron and Patton, 1985] . To cover such large range in slip rates, we used a biaxial (low slip rates), a torsion (intermediate slip rates) and a rotary shear (high slip rates) apparatus (the range in slip rates is described in section 3).
[5] Our experimental approach will be useful to validate the models proposed to explain the final acceleration of the slide [e.g., Vardoulakis, 2002; Kilburn and Petley, 2003; Helmstetter et al., 2004; Veveakis et al., 2007] . The results can be extended also to seismogenic faults which are often filled, at least in their shallow (<5 km depth) sections, with clay-rich gouges [e.g., Chester and Chester, 1998; Faulkner et al., 2003; Hickman et al., 2005; Schleicher et al., 2009; Mizoguchi et al., 2009; Tanikawa and Shimamoto, 2009] . Slip rates during earthquakes are comparable to those estimated for the final stages of the Vaiont collapse (>1 m/s). It follows that weakening mechanisms similar to those activated during the slide might occur during earthquakes.
Geological Setting
[6] Here we briefly summarize the geology of the area. For a comprehensive review on the investigations in the Vaiont valley [see Genevois and Ghirotti, 2005; Semenza and Ghirotti, 2000] . The 9 October 1963 landslide moved on a chair-like fold with the axis plunging 9°to 20°east-ward, with a flat toe (though it dips 9°to 20°eastward) and a steep back (dipping 25°to 40°north) corresponding to the northern Mount Toc flank. The latter provided the driving gravitational force for the slide (Figures 1a and 1b) . The landslide slid on one or, probably, several, continuous 1 to 15 cm thick clay-rich sedimentary layers [Hendron and Patton, 1985] interbedded with decimeter thick micritic limestones of the Dogger-Malm Fonzaso Formation [Cobianchi and Picotti, 2003] (Figures 1c and 1d ). The 1963 Vaiont landslide is a reactivated Holocene giant slide [Semenza, 1965] , so in our study we will refer to the clayrich sedimentary layers from the basal detachment as clayrich gouges. Locally, the clay-rich layers are injected in the bounding limestones beds which might suggest fluidization and pressurization of the gouge during slip (Figure 1e ). The slide displaced the Jurassic and Cretaceous rocks of the Socchér Formation (legend 3b in Figure 1b) as an almost whole block 250 m thick and ∼2 km wide, corresponding to approximately 270 × 10 6 m 3 of rock [Semenza, 1965] . This is indicated by the morphology of the landslide deposit, which, though intensely fractured, preserved the pre-slide geometrical features. The block slid on average for 450 m, and it was pushed uphill for about 50 m on the opposite side of the valley.
Methods

Starting Material and Description of the Apparatus
[7] The samples used in our work were collected from a 5-15 cm thick clay-rich gouge layer at the hanging wall of the sliding surface of the Vaiont landslide ( Figure 1d ) and close to the area of provenance of the samples studied by Hendron and Patton [1985] (reference samples 11-3, 11-4 and 11-5) and by Tika and Hutchinson [1999] (reference samples 3 and 4). The gouge was disaggregated and dried in an oven at 50°C for at least 24 h to remove excess water. This temperature was low enough to avoid complete dryness of smectite surface (T > 120°C [Morrow et al., 1992] ) as dry conditions would be unrealistic for the Vaiont case. Before the experiments, the gouge powder was equilibrated at room humidity conditions (40-60% humidity) up to 24 h. For the low-velocity experiments, where the initial layer thickness was <1 mm, the powder was sieved at <105 mm. In intermediate-and high-velocity experiments, the initial layer thickness was 3 mm and 1 mm respectively and the gouge was not sieved. One high-velocity experiment was duplicated on the material sieved at <105 mm (experiment HVR1868 in Table 1 ) to investigate the effect of the comminution of large grains on the mechanical response of the gouge.
[8] X-ray powder diffraction of the starting material and quantitative analysis obtained by Rietveld refinement, revealed that the gouge is composed of 60-70% smectite, 30-40% of calcite and minor quartz. This is consistent with the analyses reported by Hendron and Patton [1985] and Tika and Hutchinson [1999] and confirms that the material tested in all the experiments is very similar in composition. Although Hendron and Patton [1985] report that the prevalent clay mineral is Ca-montmorillonite, in our case it was not possible to discriminate and quantify the minerals within the clay fraction, so all the swelling clays were treated as "smectites" in the refinement strategy.
[9] A wide range of slip rates was investigated, from 0.2 mm/s up to 1.31 m/s, to reproduce the velocity evolution of the landslide from the creep stage to the final collapse [see Veveakis et al., 2007, Figure 6 ]. This required the use of three different apparatus (Figure 2 ): (1) a biaxial appa-ratus at the University of Hiroshima (Hiroshima, Japan) for the low-velocity friction (LVF) experiments (from 0.2 to 100 mm/s: LVF experiments, Figure 2a) , (2) a compressiontorsion MTS809 fatigue testing machine at the Department of Engineering, University of Padova (Vicenza, Italy) for intermediate-velocity (IVF) experiments (from 0.050 mm/s to 50 mm/s: IVF experiments, Figure 2b ) and (3) a highvelocity friction (HVF) rotary machine at the Kochi Core Center (Kochi, Japan) for high-velocity experiments (from 0.01 to 1.31 m/s: HVF experiments, Figure 2c ). The complete list of the experiments is reported in Table 1 .
[10] The experiments were performed at room humidity and wet conditions. Wet conditions were obtained by capillarity or by adding distilled water to the gouge powder (see details in sections 3.2 and 3.4). Complete water saturation during the experiment was probably not obtained since (1) air might have been trapped within the pores and (2) water was not fluxed throughout the gouge.
Low-Velocity Friction Experiments
[11] Biaxial experiments were performed in the range 0.2 mm/s to 100 mm/s by placing about 1.5 g of the gouge between blocks of gabbro in a double direct shear configuration at constant normal stress s n (Figure 2a ). The thickness of the gouge was 0.5-1.0 mm, the area of the sliding surface 40 mm × 50 mm and the maximum displacement 20 mm. The sliding surfaces of the gabbro blocks were polished with SiC 80# to impose an initial roughness to impede slip localization at the gouge/wall rock boundary [Niemeijer and Spiers, 2006] . We applied a normal load to the blocks corresponding to 5 MPa and then sheared the gouge by pushing the inner block. To easily achieve steady state conditions, the samples were pre-compacted at a pressure slightly higher than the target one and kept under overpressure for 12-24 h before the experiment. For wet experiments, the gabbro-gouge-gabbro sandwich was clamped after precompaction and immersed for several hours into 1 cm deep distilled water bath so that partial to total saturation was achieved through capillarity. In long duration experiments, water was sprinkled from a flask directly onto the sample to prevent sample dryness along the outer rims of the assembly.
[12] We performed velocity-stepping tests with fast speed change obtained by electromagnetic clutches. Details of the biaxial apparatus are given by Noda and Shimamoto [2009] . Two different procedures were adopted: in experiments HTB27 and HTB28 ( Figure 3a ) and HTB26 ( Figure 3b ) velocity was changed after a fixed displacement of 2-3 mm even if steady state was not reached. For example, the velocity sequence of run HTB28 was 16.96 → 32.90 → 16.96 → 1.01 → 16.96 → 32.90 → 16.96 → 1.01 mm/s. In experiment HTB24 and HTB25 (Figure 3b ), a velocity v 1 was imposed to the inner block and kept constant until the steady state friction m 1ss was reached. After that, velocity was changed to v 2 until m 2ss was achieved, and so on for every velocity step.
Intermediate-Velocity Friction Experiments
[13] Experiments at intermediate velocity were performed with the MTS809, an hydraulic axial-torsional test system. The machine has a vertical arrangement with a stationary grip to the lower side and a hydraulic grip to the upper side which applies the axial load and the rotary movement ( Figure 2b) . A pair of load cells measures the normal load and the torque during the test, while the Linear Variable Displacement Transducer (LVDT) and the Angular Displacement Transducer (ADT) measure the axial (= vertical) displacement and the angular position respectively. The main technical characteristics of the system are the following: (1) axial load, 100/10 kN (double full scale calibration), (2) torsional capacity, 1100/100 N m (double full scale calibration), and (3) displacement sensor, LVDT ± 100 mm, ±10 mm (double full scale calibration), and angular sensor, ADT ± 90°, ±5°(double full scale calibration). The sample assembly was modified to investigate powder material: the gouge was placed between two Carrara marble hollow cylinders with 50/60 mm internal/external diameter. Two Teflon ® rings (outer and inner) were used to confine the gouge and prevent its leakage during the run. The surfaces of the marble cylinder at the contact with the gouge were ground with SiC 80# to reduce slip localization at the gouge/ wall rock boundary. About 3-4 g of powder were loaded for every experiment: this mass corresponded to an average initial thickness of ∼3 mm. The two marble hollow cylinders were glued onto the steel made sample holders. Given the hollow shape of the sandwiching wall rocks, slip rate v, slip d and t in the gouge increase with sample radius, with r 1 is outer diameter and r 2 is the inner diameter and R is the revolution rate imposed by the motor. We determined the slip rate for the gouge as the "equivalent slip rate" v e [Shimamoto and Tsutsumi, 1994; Hirose and Shimamoto, 2005] :
As a consequence, displacement d is
Experiments were performed at sliding equivalent velocity ranging from 0.050 mm/s to 50 mm/s under a constant normal stress of 1 MPa (Table 1) . All experiments were carried out as follows: (1) a preliminary step where an axial compression load ramp was applied up to 1 MPa over the sample surface; this stress was maintained during the next steps; (2) a frictional loading step at low slip rate (v e = 0.050 mm/s): during this step, friction increased with slip to a constant value of about 0.45 ( Figure 5 ); and (3) a highspeed step with different target slip rates (ranging from 0.050 to 50 mm/s) ( Figure 5 ).
[14] The displacement during the high-speed step varied with the imposed slip rate: at 0.050 mm/s total slip was 10 mm while at velocity >0.050 mm/s, total slip was 33.6 mm. Due to technical difficulties, IVF experiments were performed only at room humidity conditions.
High-Velocity Friction Experiments
[15] Experiments were performed in the high-speed rotary shear testing apparatus of Shimamoto and Tsutsumi [1994] (further details are given by Tanikawa and Shimamoto [2009] ). The sample assembly is schematically reported in Figure 2c and consists of two Carrara marble cylinders with 24.95 mm diameter and 20 mm length sandwiching the gouge. One gram of gouge was placed between two marble cylinders to produce a 0.5-1.0 mm thick layer. The surfaces of the marble in contact with the gouge were grinded with 80# mesh SiC powder to reduce slip localization at the gouge/wall rock boundary. The cylinders were forced into a Teflon ® sleeve which acted as confining medium during the rotation of the sample. In wet experiments, 0.4 ml of distilled H 2 O was added to the powder immediately before the experiment. Experiments were performed at rotation speeds ranging from 7 to 1500 rpm corresponding to 0.01 m/s and 1.31 m/s equivalent velocity (equation (1)) with displacement up to ∼36 m (Table 1) . Experiments were repeated to check for reproducibility and run HVR1868 was performed at 1.31 m/s on the gouge sieved at <105 mm.
Results
Mechanical Data 4.1.1. Friction in Low-Velocity Experiments
[16] The evolution of the friction coefficient versus displacement is reported in Figure 3 for representative experiments performed at room humidity ( Figure 3a ) and wet ( Figure 3b ) conditions. The friction coefficient m is calculated as the ratio between the shear stress t and the normal stress s n . Hereafter we will denote m p as the peak friction and the m ss as the steady state friction (Table 1) .
[17] At room humidity, the steady state friction coefficient m ss ranges from 0.42 to 0.46 ( Figure 3a ) and stick slip is observed in experiments HTB27 and HTB28 (Figure 3a) where the amplitude of the friction oscillations observed at constant velocity increases when velocity decreases.
[18] At wet conditions, m ss is generally achieved after 2 to 5 mm of slip and ranges from 0.14 to 0.18 (Figure 3b ). At every velocity change, a peak in the friction behavior is observed which reflects the velocity dependence of the friction coefficient. Most peaks have irregular shape and are not well defined, excepting the initial peaks observed in experiments HTB24 and HTB26 after 2 mm displacement ( Figure 3b ). For these experiments, the rate and state dependent frictional constitutive laws [Dieterich, 1979; Ruina, 1983] were used to describe the mechanical response of the slipping zone at changing slip rate ( Figure 4 ). The slip rate dependence of the steady state friction is given by the difference (a-b), where "a" is the direct effect and "b" is the evolution effect. For an increase in velocity, if (a-b) < 0, the behavior is velocity-weakening and the system is intrinsically unstable; if (a-b) > 0, the behavior is velocitystrengthening and the system intrinsically stable [e.g., Marone, 1998 ]. The constitutive parameters of the rate and state friction law were obtained by fitting the experimental data for the velocity step from 1.01 mm/s to 101.3 mm/s in HTB24, and from 1.79 mm/s to 17.74 mm/s in HTB26 with the slip law [Ruina, 1983] and the aging law [Dieterich, 1979] (Figures 3 and 4) . The fit by means of the slip and aging laws are comparable, respectively (a-b) = −4.56 × 10 −3 and −4.62 × 10 −3 for HTB24, and −7.42 × 10 −3 and Figure 5 .
[20] At room humidity, the average friction is 0.43 at 0.050 mm/s and increases to 0.65 at 50 mm/s ( Figure 5 ). The increase in the friction coefficient with slip rates denotes a velocity strengthening behavior. In the "frictional loading step" performed at 0.050 mm/s (which always preceded the high-velocity step), the friction coefficient progressively increased from 0.42 to ∼0.47 in successive Figure 5 . Friction coefficient versus displacement in room humidity experiments performed in the axialtorsional test system MTS809. Each experiment consists in two steps: (1) an initial low velocity step at 0.050 mm/s for ∼6 mm followed by (2) an abrupt increase in velocity for 33.6 mm of displacement. The box P indicates the peak friction coefficient at 0.050 mm/s, the box SS indicates the steady state value during the high-velocity step. runs (v1 to v7 in Table 1 ). This can be interpreted as due to the development of a fabric within the gouge as due to grain rotation and alignment. In fact, the starting material was loaded once at the beginning of the tests and sheared at progressively increasing velocities. Nevertheless, these values for the friction coefficient are of the same order as those obtained with the biaxial apparatus at similar slip rates (Figure 3a) .
Friction in High-Velocity Experiments
[21] At high velocity, the behavior of friction with slip for the clay-rich gouge under room humidity ( Figure 6a ) and under wet (Figure 6b ) conditions is remarkably different. In Figure 6 the friction coefficient is reported as "apparent friction coefficient" because the pore pressure within the gouge could not be monitored. Changes in pore fluid pressure are particularly relevant in high-velocity experiments where thermomechanical reactions and water expulsion by dynamic compaction of the gouge layer take place (see Par. 4.2). We reported the experimental data in Table 1 , including the slip weakening distance D c [e.g., Cocco et al., 2009] which is defined as the amount of slip required to reduce m p -m ss by 95% [Mizoguchi et al., 2009] . The data for m p and m ss were corrected for Teflon ® friction. The Teflon ® rings used to confine the gouge exerted a frictional resistance which was taken into account especially for wet experiment where the value of steady state friction was extremely low. Teflon ® friction was determined by Mizoguchi et al. [2007] to be about 0.10, but in wet experiments HVR1389 and HVR1381, steady state friction was as low as 0.06 before applying the correction for Teflon ® friction. So we subtracted a value of 0.06 in all the experiments: this dynamic friction coefficient for Teflon ® is consistent with the value reported by Makinson and Tabor [1964] .
[22] At room humidity conditions, the dependence of friction with slip and slip rate is complex. At slip rates ranging from 0.01 and 0.04 m/s, no peak friction is observed and friction increases to ∼0.71-0.79 after 4-5 m displacement. At velocity of 0.17 m/s, friction decreases with increasing slip from an initial peak of 0.76 to 0.4-0.5. A more dramatic friction decrease occurs at slip rates of 0.70 and 1.31 m/s, where m p = 0.62-0.73 and m ss = 0.09-0.16 are achieved after 7-9 m displacement. In particular, at velocities of 0.70 and 1.31 m/s and under room humidity conditions, the reduction of friction with slip occurs with dilatancy of the slipping zone. In Figure 7 we report (1) the shear stress t, (2) the normal load s n , and (3) the axial displacement " (or the movement of the horizontal piston) as a function of slip for two experiments performed at 1.31 m/s at room humidity conditions: HVR1372 (not sieved gouge) and HVR1868 (gouge sieved at <105 mm). An increase in " corresponds to dilatancy of the slipping zone and a decrease in " corresponds to shortening. The two experiments are remarkably similar despite the different grain size of the starting materials. In the initial 1.5 m of slip, the slipping zone shortens by about 100 mm due to compaction of the grains. From ∼3.5 m to 18 m in HVR1372 and to 22 m in HVR1868, the gouge zone dilates of 200 and 280 mm respectively, with several pulses of dilation and shortening (the largest one of 200 mm in HVR1372 between 4 and 6 m). During the final slip, from 18 to 34 m in HVR1372 and from 22 to 30 m in HVR1868, the slipping zone shortens without visible gouge loss from the Teflon ® sleeve. During the experiment, the normal stress measured at the load cell oscillates between 1.0 and 1.15 MPa. There are systematic relationships between " and s n during the transient toward the steady state shear stress, with s n increasing when the sample dilates and decreasing when the sample shortens. The behavior of the shear stress t is more complex and can decrease or increase with dilatancy.
[23] At wet conditions, the frictional value evolves smoothly from peak-to steady state conditions with increasing slip so that the steady state conditions are achieved after about 4 m slip at v < 0.17 m/s and more than 16 m at v > 0.70 m/s. m ss is between 0.05 and 0.0 (full 
Mineralogical Data
[24] After the experiments, the gouge material was extracted, disaggregated and analyzed by X-ray Powder Diffraction at the University of Padova. We selected two high-velocity experiments at 1.31 m/s, HVR1388 for wet conditions and HVR1868 for room humidity conditions. Since velocity increased as a function of the distance from the center of the cylinder (where v = 0), we hand-collected the powder from the rim portion of the slip zone where the velocity and the temperatures achieved are expected to be maximum [Mizoguchi et al., 2009; Kitajima et al., 2010] . Experiment HVR1868 was similar to HVR1373 (0.70 m/s) and HVR1372 (1.31 m/s) since the gouge drastically changed in color from the starting green-yellowish powder into a dark brown-black one after deformation. Moreover, only in the case of the room humidity experiments (HVR1868, HVR1373 and HVR1372) the Teflon ® rings evidenced an embayment (black in color) on the inner side at the contact with the gouge, which was interpreted as effect of Teflon ® decomposition due to frictional heating. [25] In Figure 8 comparison of the XRPD spectrum of the staring material (Figure 8a ) with HVR1388 ( Figure 8b ) and HVR1868 (Figure 8c) shows that (1) at wet conditions, even for slip rates of 1.31 m/s, no mineralogical variation occurs, and the diffraction pattern shows the characteristic broad peak of smectite at 2 ≈ 8°and (2) at room humidity conditions, for slip rates of 1.31 m/s, smectite is substituted by an illite-type clay and fluorite is present. The collapse of the smectite to an illite-type structure results from the temperature increase within the slipping zone with consequent expulsion of interlayer water molecules. This type of dehydration occurs at 1 MPa confining pressure in the temperature interval 100-200°C [Brindley and Brown, 1980, p. 213 ] depending on the type of exchangeable cation (Na + , Ca 2+ , etc.) and on the structure of smectite. The structural collapse presumably does not affect the chemical composition of cations in interlayers (e.g., Ca 2+ and Na + ), so the term "illite-type" does not refer to illite in the strictest sense (i.e., with K + in interlayers). The decomposition of Teflon ® occurs above 260°C (http://www2. dupont.com/Teflon_Industrial/en_US/products/selection_ guides/properties.html) with the release of fluorine gas which presumably reacted with calcite of the gouge to produce fluorite. These observations suggest that under room humidity conditions, temperature increased at least up to 260°C at the outer margin of the cylinder (i.e., at the contact with the Teflon ® ) and that the temperature increase propagated toward the center of the gouge layer with time and displacement. [Mizoguchi et al., 2009; Kitajima et al., 2010] .
Microstructural Observations
[26] Figure 9 reports scanning electron microscope backscattered (SEM-BS) images from experiments performed at room humidity (Figures 9a-9e ) and wet (Figures 9f-9j) conditions. In LVF experiments (HTB25 in Figure 9g ) the thin sections were cut from the central part of the blocks where the influence of the side effects (e.g., absence of lateral confinement) was less pronounced. For HVF experiments (performed in the rotary shear apparatus, Figures 9b,  9c , 9d, 9e, 9h, 9i and 9j), the slip velocity increased with sample radius and thin sections were cut tangential to the outer rims of the sample assembly where the slip velocity was maximum and close to the set value. The sense of shear is left lateral and pictures are oriented with the rotating cylinder to the left side. To prevent clay swelling during sample preparation and to preserve the original microstructures, no water was used and thin sections were dry cut and hand-polished with diamond paste (DP paste 1 mm, Struers) diluted with petroleum ether (Sigma-Aldrich n.320447).
[27] The microstructure of the gouge at room humidity and wet conditions are different both at the initiation and at the end of sliding. At room humidity conditions, the starting material is a grain-supported matrix made of angular clasts of calcite, quartz and clay aggregates (Figure 9a ; for HVR1868, the initial grain size was <105 mm). The texture evolves with increasing sliding velocity due to comminu- Figure 7 . Normal load s n , axial displacement " and shear stress t in room humidity experiments HVR1372 (not sieved gouge) and HVR1868 (gouge sieved at <105 mm) as a function of displacement (see text for details). Dilatancy of the sample (increase of ") is observed after ∼3.5-4.5 m displacement, concomitant to the increment of s n and decrement of t. Shortening (decrease of ") occurs above ∼18-22 m of displacement. tion, decomposition and grain rolling. At 0.01 m/s the grain size reduces from the stationary side toward the contact with the rotational side (left in Figure 9b) , where a fine grained ∼150 mm thick layer is present. At 0.04 m/s the grain size reduction affects most of the gouge layer although some angular clasts up to 300 mm survive and R-type shears develop at the contact with the rotational side (Figure 9c ). At 0.70 and 1.31 m/s (Figures 9d and 9e ) a granular layer made of comminuted grains and clay clast aggregates CCAs [Boutareaud et al., 2008] is present. CCAs have calcite, quartz and clay aggregates nuclei rimmed by ultrafinegrained particles distributed in concentric layers. In HVR1373 (Figure 9d ), the CCAs can be up to 100 mm diameter with fine-grained concentric layer up to 50 mm thickness. At the contact with the rotational side, a 70 mm fine grained layer develop which is cut by R-and Y-type shears. At 1.31 m/s (experiment HVR1372, Figure 9e ), the fine grained layer at the contact with the marble cylinder is less thick (∼50 mm) and more homogeneous. The average dimension of CCAs is smaller (around 50 mm) and the cortex thinner (<20 mm) with respect to CCAs from HVR1373. The same textures found in HVR1372 were obtained in experiment HVR1868 (not reported in Figure 9 ), which was also performed at 1.31 m/s but on a gouge sieved at <105 mm.
[28] At wet conditions, the starting material is a gouge with a smectite-supported matrix wrapping (1) calcite and quartz grains up to ∼500 mm in size ( Figure 9f ) and (2) elongated aggregates of clay + crystal fragments with dimensions from tens to hundreds of micrometers. The microstructure of the slipping zone does not significantly vary with increasing velocity, in fact, (1) the average dimensions and shape of the grains is velocity independent (compare Figure 9h with Figure 9i ) and (2) the aggregates of clay + crystal fragments are preserved up to ∼0.70 m/s sliding velocity (as evidenced by dessication cracks developed parallel or normal to the long axes, Figures 9g-9i) , (3) Y-and P-shears are found only in the experiments at v = 1.31 m/s (Figure 9j) . The above microstructures and the very low friction measured at v > 0.01 m/s suggest that sliding occurred on the water layers adsorbed at the surface of clay Figure 8 . X-ray powder diffraction (XRPD) analysis results. In the ordinates, the maximum counts per second are 3600. Abbreviations are Qtz = quartz, Cc = calcite; Sm = smectite; Ill = illite-type clay; Fl = fluorite. XRPD analysis (a) of the starting gouge and (b) of the gouge layer after the water-saturated experiment (HVR1388, v = 1.31 m/s). The mineralogy of the two gouges is identical; the arrow indicates the broad peak at low diffraction angle characteristic of smectite (Sm). (c) XRPD analysis of the gouge layer after the room humidity experiment (HVR1868, v = 1.31 m/s). The spectrum has the peaks of fluorite (Fl) and the arrow indicates the typical peak of the illite-type clay (Ill) at low diffraction angle. particles and, once the clay-rich gouge was compacted and water progressively expelled, along a continuous water film formed at the clay-gouge/wall rock boundary (D. A. Lockner, personal communication, 2010, to G. Di Toro) . In experiment HVR1388 performed at a slip rate of 1.31 m/s, two 10-20 mm thick ultrafine layers are present at the gouge-wall rock contact ( Figure 9j ). P-type shears develop from the rotational side to the middle part of the gouge, where Y-type shears are observed together with preserved large grains of calcite and quartz (about 50-100 mm in size).
Discussion
Interpretation of the Experimental Data
[29] The results of our experimental work are summarized in Figure 10 where the steady state friction coefficients for room humidity and wet experiments are reported as a function of slip rate. The friction coefficient of the Vaiont clay-rich gouges evolves with increasing velocity and water content, suggesting the activation of different weakening (and strengthening in the case of room humidity experiments) mechanisms. To interpret these mechanisms, we will first estimate the temperature evolution of the slipping zone by means of a simple thermal analytical model, combined with constraints from the mineralogical and microstructural observations. The temperature increase triggers mineral reactions (e.g., H 2 O release due to decomposition of smectite to an illite-type clay) and changes in the surface properties of minerals (e.g., removal of moisture from the surface of clay particles). Since the instability of the Vaiont landslide most probably took place in the water-saturated regime [Hendron and Patton, 1985] , only the frictional properties of the gouge at wet conditions will be extrapolated and compared to the mechanical data of the landslide. 
with T amb the ambient temperature. Equation (3) (Figures 6a and 7) . The thermal weakening dis- tance D th is defined as the slip distance over which the shear stress decays to a value t th = t ss + (1/e)(t p − t ss ). r, c p and are density (2500 kg/m), thermal capacity at 300 K (900 J/kg/K) and thermal diffusivity (10 −6 m 2 /s) of the clay-rich gouges, respectively. The temperatures calculated according to equation (3) 
At room humidity and ambient temperature of 20°C, the temperature shows no significant variation for slip rates up to 0.70 m/s. Beyond this velocity, the temperature rapidly increases up to about 240°C (Figure 11 ). This temperature is achieved after ∼3 m of slip, which corresponds to the slip distance where the first large dilatancy event is observed in HVR1372, HVR1373 and HVR1868 (see Figure 7 for HVR1372 and HVR1868). Since velocity and frictional heat production are proportional to sample radius, the temperature first increases at the contact between gouge and Teflon ® confining ring. Kitajima et al. [2010] modeled numerically the temperature distribution in the gouge layer for almost identical experimental conditions (sample geometry, normal stress, slip, slip rate and acceleration). Their model confirms that a temperature increase of 150-200°C is achieved at the edge of the gouge layer between 1 and 5 m of slip and in the center of the gouge layer after ∼20 m slip. The progressive increase in temperature toward the inner part of the speci- [Hendron and Patton, 1985] and TH99 [Tika and Hutchinson, 1999] for Vaiont gouges sheared at water-saturated conditions; M07 [Mizoguchi et al., 2007] for Nojima fault gouge, sheared at room humidity conditions. The range of frictional data for montmorillonite-gouges at different fluid content (wat. sat. = water saturated, partially saturated and dry conditions) is from Moore and Lockner [2007] . [Bird, 1984; Brindley and Brown, 1980] ) achieved.
men might explain the long duration (from 3 to 4 m slip up to ∼22 m) of the dilatancy observed in HVR1372 and HVR1868.
[31] Equation (4) slightly overestimates the temperature increase in the slipping zone, as it does not consider the buffering effect of the energy adsorbed during dehydration of smectite and the liquid-vapor transition for water which occurs at ∼180°C at 1 MPa [Lide, 2008] , i.e., almost concomitant with the release of water by smectite. The estimated temperature of 200-250°C calculated with equations (3) and (4) for v ≥ 0.70 m/s is consistent with the presence of illite-type clays in the slipping zone and Teflon ® ring breakdown. In fact, smectite decomposes to illite-type clay in the temperature interval 100-200°C [Brindley and Brown, 1980] , and the Teflon ® breaks down at a temperature of 260°C. The presence of clay clasts aggregates (CCAs) [Boutareaud et al., 2008] only in experiments performed at room humidity conditions and for slip rates of 0.70 and 1.31 m/s supports the hypothesis that deformation occurred above the liquid-vapor phase transition of pore water [Boutareaud et al., 2010] . The CCAs have been interpreted as the result of the combination of the liquid-vapor phase transition of pore water together with the interplay of complex physical and chemical processes [Boutareaud et al., 2010] . However, while the presence of a cortex of clays and utrafine grains wrapping the grain nucleus is evidence for grain rolling, the process of formation of CCAs remains not fully understood and the presence of CCAs it is not evidence by itself of the occurrence of the liquid-vapor transition.
[32] Instead, at wet conditions the estimated (equation (3)) maximum temperature achieved in the slipping zone is limited to 88°C at 1.31 m/s. This temperature is too low to induce smectite decomposition and water release and liquidvapor transition, and hence, to trigger the conditions which favor the onset of thermal pressurization.
[33] Despite the congruence between the results of the thermal model, the mineral decomposition reactions and the microstructure evolution of the gouge, it must be remembered that the structural and thermal properties (including the activation energy of dehydration reactions) of smectites can be significantly influenced by mechanical deformation so that mineral reactions might take place at lower temperatures with respect to untreated materials [Dellisanti et al., 2006] . It follows that the dehydration of smectite to illite-type clay within the experiments might have occurred at lower temperature.
Room Humidity Experiments
[34] At room humidity conditions and velocity between 0.20 and 100.0 mm/s, the friction coefficient of the clay-rich gouge is 0.43-0.47 ( Figure 10 ) and velocity-weakening/ velocity-independent, in agreement with previous experiments performed on smectites under similar ambient conditions (e.g., montmorillonite clay [Moore and Lockner, 2007; Ikari et al., 2007] ). When velocity increases, the clay-rich gouge is velocity strengthening. The velocity strengthening behavior is observed in the IVF experiments and in the HVF experiments at velocity <0.04 m/s. The friction coefficient increases from 0.43 to maximum 0.71-0.79 at 0.04 m/s. Friction coefficients for clays above ∼0.70 have been ascribed to dry conditions (absence of the lubricant effect of moisture), while friction coefficient between 0.15 and 0.70 should result from the amount of water adsorbed on clay surfaces [Moore and Lockner, 2007] . Since the strengthening of smectite-rich gouges with decreasing water content is demonstrated in previous experiments [e.g., Morrow et al., 1992; Ikari et al., 2007] , the velocity strengthening observed between 0.050 mm/s and 50 mm/s in our experiments could be interpreted as the effect of water removal from the particle surfaces due to frictional heating. However, the temperature estimates (section 5.1.1) indicate that the temperature increment is negligible when the shearing velocity is <0.04 m/s (Figure 11 ). An alternative way of producing dry contacts among the particles is grain comminution. Comminution, as observed at 0.01 and 0.04 m/s (Figures 9b and 9c) , produces new surface of contact among particles which are presumably dry and might increase the gouge friction.
[35] At slip rates >0.04 m/s, the friction coefficient rapidly decreases and the minimum value of 0.09-0.16 is achieved at 0.70 and 1.31 m/s. This dramatic reduction in friction coefficient is similar to that observed by Mizoguchi et al. [2007] on the quartz, smectite and kaolinite clay-rich gouges from the Nojima fault and deformed at similar velocity and normal stress (see Figure 10 ). Though poorly understood, possible weakening mechanisms for the decrease in the friction coefficient above 0.70 m/s are powder lubrication and thermochemical pressurization. Powder lubrication is a not well understood dynamic weakening mechanisms claimed to be active in ultra-fine gouges [Han et al., 2010; Reches and Lockner, 2010] and engineering materials (MoS 2 , WS 2 [Higgs et al., 1999; Wornyoh et al., 2007] ). Thermochemical pressurization is the result of thermal expansion of fluids released, during frictional sliding, by breakdown or decomposition reactions of H 2 O or CO 2 bearing minerals [Brantut et al., 2010] . Thermo-chemical pressurization should explain the ∼250-280 mm cumulative expansion of the slipping zone observed in HVR1373, HVR1372 (Figure 7a ) and HVR1868 (Figure 7b) .
[36] As discussed in detail by Ferri et al. [2010] , in the case of granular flow, the slipping zone might expand with shearing when the chains of grain particles rotate and produce an axial displacement comparable to the length of the grain chains [Campbell, 2006] . Although chain rotation is compatible with the thickening of the slipping zone (Figure 7) , the rotation would have already occurred several times within the initial 3-4 m displacement and cannot justify the long duration expansion observed from 3.5 to 20-22 m of displacement. Moreover, experiments performed on notsieved gouges (HVR1372) and gouges sieved at <105 mm (HVR1868) evidenced similar dilatancy despite the different initial grain size.
[37] As discussed above, CCAs should form during grain rolling so their presence in the slipping zone of experiments performed at slip rates above 0.70 m/s supports the occurrence of powder lubrication.. Moreover, in our experiments, for slip rates above 0.70 m/s, the estimated temperature rises to 150-230°C within the first 3 m of displacement. This high temperature is responsible for the decomposition of smectite to an illite-type structure, as demonstrated by the XRPD pattern, with consequent release of water. The amount of water released by smectite collapse at ∼200°C depends on the initial hydration [Bird, 1984] . Ferrage et al. [2007a Ferrage et al. [ , 2007b determined that Ca-montmorillonite dehydration releases 0.06 g of H 2 O per gram of montmorillonite if the initial temperature is 50°C (i.e., the Vaiont clay-rich gouge was kept at 50°C in the oven for 24 h before the experiment). For Vaiont clay-rich gouge (∼60% smectite) this water release corresponds to a volume of ∼0.04 ml of H 2 O per gram of gouge at ambient pressure, although this volume estimate is subject to variability depending on the type of interlayer cations and on the volume of reacted smectite (i.e., not all smectite in the slipping zone decomposes). Unfortunately, the evolution of the gouge volume, porosity and permeability during the experiments cannot be estimated, due to the concomitant occurrences of processes which are poorly constrained (e.g., compaction of the gouge, grain comminution and interaction, formation of boundary layers at the contact with the marble cylinders, dehydration and thinning of smectite, thermal expansion of the gouge material, porosity evolution). However, the development of ultrafine grain layers at the gouge-marble cylinders contacts (Figures 9d and 9e) should keep the permeability low, while the high thermal expansion coefficient of water (thermal expansion of water l f = 1.21 × 10 −3°C−1 [Rice, 2006] ) and the presence of an almost impermeable Teflon ® ring (at least, at the initiation of sliding), should generate significant overpressure. The increment of pressure in the slipping zone is confirmed by the pulsed dilatancy observed in experiments HVR1372and HVR1868 (Figure 7) .
[38] A similar evolution of friction coefficient with slip rate (strengthening followed by weakening) was observed in very long slip experiments performed with Westerly Granite under room humidity conditions and similar imposed slip rates and normal stresses [Reches and Lockner, 2010] . In this case, the long slip (several hundred of meters) allowed the formation of a ultrafine gouge layer in the slipping zone. Strengthening and weakening are related to gouge produced during sliding which interacted with H 2 O from room humidity. In the experiments by Reches and Lockner [2010] there are no smectites in the starting material and samples are not confined, thermo-chemical pressurization should be ruled out as a weakening mechanism. Instead, the authors suggested, following Han et al. [2010] , that weakening resulted from lubrication operated by the presence of microto nano-powders. Similarly the large weakening for v > 0.7 m/s in the room humidity experiments reported in Figure 10 could also be the result of thermochemical pressurization (which explains dilatancy) due to smectite decomposition, and powder lubrication due to grain rolling, as attested by the formation of rounded clay-clast aggregates.
Wet Experiments
[39] The 9 October 1963 Vaiont slide occurred under water-saturated conditions and the interpretation of the experiments performed with excess water is relevant to understand the mechanics of the landslide. At a given slip rate, under wet conditions the friction coefficient is 100% (full lubrication) to 70% lower than the friction coefficient under room humidity conditions (Figure 10 ). The extremely low friction coefficient is the result of a different weakening mechanism from those (thermochemical pressurization and powder lubrication) activated under room humidity conditions, as suggested by the mineralogical and microstructural analysis (Figures 8 and 9 ). At velocity between 0.20 and 100 mm/s, the friction coefficient is ∼0.16 and the reduction of about 70% with respect to the room humidity experiments is consistent with previous experiments performed on dry and wet montmorillonites [Morrow et al., 1992; Ikari et al., 2007] . In this slip rate range, for s n ≤ 5 MPa, the wet Vaiont clay-rich gouges are velocityweakening (a-b ranging from −0.005 to −0.008). Previous experiments on water saturated smectite-rich gouges evidenced velocity strengthening behavior [e.g., Morrow et al., 1992; Ikari et al., 2009; Tembe et al., 2010] but velocity weakening is also reported [e.g., Tanikawa and Shimamoto, 2009] . The transition from velocity strengthening to velocity weakening may depend on the experimental conditions (pressure and velocity range) or composition (amount and type of clay minerals within the gouge) and more systematic investigation is required. When the velocity exceeds 0.01 m/s, friction suddenly decreases to zero. The microstructures remain unaltered up to 0.70 m/s and the grains of calcite and quartz preserve their original size and shape (Figures 9g, 9h, and 9i) . Only at v = 1.31 m/s, the gouge develops a deformation structure reported as P-and Y-shears (Figure 9j ). The very low friction determines a limited temperature increment during the experiment (<88°C according to equations (3) and (4), see Figure 11 ), which is inadequate to achieve the decomposition of smectite to illite-type (between 100°C and 200°C [Brindley and Brown, 1980; Bird, 1984] ). We suggest that the onset of full lubrication at v > 0.01 m/s is the result of porosity reduction and progressive expulsion of water. According to this interpretation, sliding occurred on the water layers filling microcracks within the gouge and on a continuous water film formed at the contact between the clay-rich gouge and the marble cylinders.
Comparison With Previous Experiments Performed on Clay-Rich Vaiont Gouges
[40] The role of the Vaiont interbedded clay-rich gouges on the dynamics of the landslide and the influence of the water content on the mechanical properties of the clays was clear since the extensive field work conducted by Hendron and Patton [1985] . As a consequence, the frictional properties of the clay-rich gouges from the slide detachment were investigated by several authors [Hendron and Patton, 1985; Tika and Hutchinson, 1999] . Our locality of sampling corresponds to the same area of provenance of samples 11-3, 11-4 and 11-5 tested by Hendron and Patton [1985] and samples 3 and 4 tested by Tika and Hutchinson [1999] so that all the experimental results can be compared. This is important, since the mineralogy of the clay-rich gouge layers within the Fonzaso Unit varies along the stratigraphic sequence [Cobianchi and Picotti, 2003] . The gouge tested by Hendron and Patton [1985] and Tika and Hutchinson [1999] was composed of >50% of the clay with the majority of the clay represented by smectite (Ca-montmorillonite [Hendron and Patton, 1985] ), together with illite, interlayered illite-smectite and large amount of calcite. In Figure 10 we reported for comparison only their experiments performed above 0.5 MPa, since the normal stress affects the friction coefficient [Saffer and Marone, 2003] . Hendron and Patton [1985] demonstrated that the hydraulic conditions of the Vaiont area were critical and that the movements of the flank of the Toc mountain reflected the variation of rainfall and basin level. For this reason, their experiments were performed only at water-saturated con-ditions in shear boxes on precut planes, with rates of shearing from 1 to 0.003 mm/min and displacements up to 5 cm. The friction coefficient was 0.13-0.20 and consistent with our LVF experimental data (Figure 10 ). Tika and Hutchinson [1999] investigated a wider velocity range (from 0.24 mm/s to 0.08 m/s) in a ring shear apparatus with displacements up to 3 m. At velocity of 0.24 mm/s, friction was 0.171-0.187 in the presence of excess water and decreased when the imposed slip rate increased (velocity weakening). The reduction of the friction coefficient was proportional to the water content, i.e., 60% reduction at water-saturated conditions (i.e., water maintained within the bath) with m ∼ 0.08, and 17% when water was siphoned out of the bath, corresponding to m ∼ 0.15. The results of Tika and Hutchinson [1999] are in agreement with the velocity weakening behavior observed in our wet experiments, though, in the latter, the decrease in friction is more pronounced leading to zero friction (full lubrication). This is probably due to the larger displacements achieved in our experiments.
Extrapolation to the Vaiont Landslide
[41] Several models [Vardoulakis, 2002; Kilburn and Petley, 2003; Helmstetter et al., 2004; Sornette et al., 2004; Veveakis et al., 2007; Pinyol and Alonso, 2010] explained the mechanism responsible for the frictional evolution of the Vaiont slide by taking into account (1) the data collected from the 2-3 years monitoring preceding the slide collapse [Mueller, 1964; Selli and Trevisan, 1964] and (2) the experimental results of Hendron and Patton [1985] and Tika and Hutchinson [1999] . Most models of the mechanics of the Vaiont landslide interpret the field velocity data on the base of several assumptions for the slipping zone (gouge thickness, water content, porosity, permeability and temperature) to infer the evolution of the friction coefficient. It is generally accepted that reservoir (artificial) filling and cumulative rainfall were crucial to trigger slope movements [Hendron and Patton, 1985] and that the creep phase of the Vaiont slide was dominated by water-saturated conditions. It is also generally accepted that the high slip rate (estimated to be 20-30 m/s [Anderson, 1985] ) and large displacement (450 m [Selli and Trevisan, 1964] ) achieved by the landslide during the final collapse reveal the onset of some dramatic weakening mechanism as thermal pressurization [Habib, 1975; Voight and Faust, 1982; Veveakis et al., 2007] .
[42] Even though our experimental data are not able to solve open questions on Vaiont slide dynamics, as the triggering of the initial movement and the transition from creeping motion to final acceleration, some key remarks can be pointed out regarding the creeping phase and the final collapse.
Creeping Phase of the Slide
[43] During the creeping phase, the condition of stability versus instability of the clay-rich gouges is expressed by the rate and state values of "a" (direct effect) and "b" (evolution effect) Sornette et al., 2004] . The difference (a-b) is a material property. From Figure 10 when the gouge is sheared at low slip rates (v < 0.05 mm/s), the friction coefficient is ∼0.45 under room humidity conditions and ∼0.18 under wet conditions.. It follows that the increase in water content drastically reduces the shear strength of the sub-horizontal detachment at the toe of the slide, as observed by Hendron and Patton [1985] . In wet conditions, our experiments confirm that the gouge is velocity weakening, i.e., intrinsically unstable as observed by Tika and Hutchinson [1999] . This is in agreement with the model proposed by Helmstetter et al. [2004] and Sornette et al. [2004] , who applied to landslide the rate-and statedependent friction law established in the laboratory to reproduce the movement observed for Vaiont. The alternation of phases of acceleration and deceleration in the period between 1960 and 1963 [Selli and Trevisan, 1964; Hendron and Patton, 1985] can be explained as the effect of water fluctuations within the clay-rich gouge.
Final Collapse of the Slide
[44] Thermal pressurization is the mechanism most invoked to explain the final velocity of the Vaiont landslide estimated to be 20-30 m/s [Anderson, 1985] and triggered by the temperature increase in the slipping zone due to frictional heating during sliding [Habib, 1975; Voight and Faust, 1982; Genevois and Ghirotti, 2005; Veveakis et al., 2007] . However, there are no clear field and experimental studies that show the activation of this weakening mechanism for the Vaiont landslide. This is due to at least three main factors: (1) the slipping zone is below more than 150 m thickness of slide deposits and it is exposed only in the basal detachment along the steep back of the Monte Toc flank, (2) despite the fact that the presence of thin clay layers injected in the bounding limestones beds might suggests some fluidisation and compression of the gouge, the clayrich gouges do not preserve the microstructures that might have been produced during the dramatic final collapse due to swelling and shrinking of smectite, and (3) there are no friction data from experiments performed at the deformation conditions achieved during the final collapse (slip and slip rates of the order of hundreds of meters and tens of meters per section, respectively).
[45] The estimate of the temperatures achieved during sliding in the slipping zone (equation (4)) implies that only at room humidity conditions and for v > 0.70 m/s, can the temperature be higher than 200-300°C. According to our experiments, thermo-chemical pressurization takes place only at room humidity and only at v > 0.70 m/s. At wet conditions, which are presumably the conditions during the collapse, deformation localizes along the water films within the gouge layer or at the contact between clay-rich gouge and wall rocks, so the frictional resistance is always very low (full lubrication) and temperature <90°C. As a consequence, at least for v < 1.31 m/s, thermal and thermochemical pressurization are not required to explain the high slip rates achieved during the final collapse of the landslide.
[46] In this framework, our experimental results do not fit, or only partially support the theoretical models. If such low friction values were achieved in conditions of pure hydrodynamic lubrication, there is no need to invoke for thermal pressurization during the final collapse of the Vaiont landslide and the temperatures in the slipping zone remained below the dehydration temperature for smectite.
Conclusions
[47] The 1963 Vaiont slide occurred under water-saturated conditions as effect to intense rainfall and reservoir level. In such case, the hypothesis of thermal and thermo-chemical pressurization is not required to explain the high velocity achieved by the rock mass during the final collapse, at least for slip rates up to ∼1.3 m/s, which is the maximum velocity investigated in this work.
[48] Our experiments performed on the clay-rich gouges from Vaiont basal detachment provide evidence that their frictional properties were controlled by (1) the frictional properties of smectite, (2) the water content of the clays, and (3) the imposed slip rate. Thanks to the very wide velocity range here investigated, it was possible to infer the dynamic evolution of the clay-rich gouges. In particular, at room humidity the friction coefficient is 0.45-0.48 at low velocity and increases to 0.68 at 0.04 m/s (velocity strengthening behavior). At higher slip rates, the friction coefficient decays to 0.09 due to the efficient shear heating which is responsible of a temperature increase up to at least ∼260°C. At such high slip rates, the measured dilatancy of the slipping zone, the presence of decomposition products of smectites (i.e., illite type clays) and of Clay Clast Aggregates (CCAs) which might result from grain rolling, support the hypothesis that thermo-chemical pressurization and powder lubrication processes were triggered; at wet conditions, the frictional behavior is always velocity weakening and friction evolves from an initial 0.14-0.18 to almost zero when velocity exceeds 0.01 m/s. In this case, shearing localizes along the water layers among particles or at the clay-rich gouge/wall rock boundary.
